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1. Introduction

Among the 2D materials, transition 
metal dichalcogenides (TMDs) have 
received much attention for their remark-
able properties.[1,2] TMDs have the chem-
ical formula MX2, where M is a transition 
metal atom (e.g., Mo, W) and X refers 
to a chalcogen atom (e.g. S, Se, Te).[2,3] 
Compared to other TMDs, molybdenum 
ditelluride (MoTe2) recently received an 
intense research interest due to its pro-
cess tunable allotropic phases, namely 
the metallic 1T’ and the semiconducting 
2H phase.[4,5] The 1T’ phase, showing 
orthorhombic structure, is also the pre-
cursor stage to access outstanding topo-
logical properties and assumes peculiar 
interests at single and multilayer level as 
host for the quantum spin hall effect and 
for the type-II Weyl semi-metallic state 
that arises in the monoclinic Td phase as 
low-temperature distortion of the pristine 
1T’ phase.[6,7] As the thickness decreases, 
MoTe2 exhibits indirect-to-direct bandgap 
transition while its bandgap is relatively 

lower than in other TMDs[8,9] ranging from 0.8 eV in case of 
bulk to 1.1 eV in the monolayer limit.[10] Furthermore, as the 
electrical conductivity of 1T’-MoTe2 is much higher than that 
of the 2H phase, the 1T’ phase is promising for solid-state 
battery electrodes, electrochemical capacitors and hydrogen 
evolution reaction.[11] On the other hand, 2H-MoTe2 holds 
potential as 2D layered material in nanotechnologies due to 
its small bandgap, strong adsorption, and low thermal con-
ductivity.[10,12] Due to slight energy differences between the 
two admitted allotropic phases, MoTe2 represents a unique 
model material for studying the phase change properties with 
many related applications such as 2D non-volatile memory 
devices and memristors in the field of microelectronics.[13,14] 
Moreover, 2H-MoTe2 is also a suitable candidate for applica-
tions such as field-effect transistors, optoelectronics, energy 
storage, chemical and biological sensing because of its high 
carrier mobility, optical transparency, thin structure and 
chemical stability.[15,16] As a promising material for various 
applications, a clear understanding and reproducible growth 
approach is critically important to lift MoTe2 from lab to pro-
duction level.

Traditionally, few-layer TMDs such as MoS2, WS2, and 
MoTe2 can be obtained using mechanical exfoliation, physical 
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holds significant attention due to its polymorphic nature including semicon-
ducting, metallic, and topological semimetal phases. Considerable efforts are 
devoted to synthesizing MoTe2 nanosheets to make them suitable for device 
integration in nanotechnologies and for fundamental investigations. In this 
respect, chemical vapor deposition (CVD) via tellurization of a pre-deposited 
Mo thin film is an easy and flexible way for synthesizing large scale MoTe2 
nanosheets. Here, the study report on the CVD of large-area (up to 4 cm × 
1 cm) MoTe2 nanosheets with pure 1T’ and 2H phase selection by design. 
Within the tellurization scheme, the vapor-solid reaction between the pre-
deposited molybdenum film and tellurium vapor is studied thus optimizing 
the scalability and quality of the MoTe2 nanosheets grown on SiO2/Si sub-
strates. It is demonstrated that the MoTe2 structure and morphology are 
kinetically dictated by the tellurium concentration gradient on the reaction 
site with varying geometric configurations inside the CVD reactor. This study 
provides a pivot scheme for enabling scalable 1T’ and 2H-MoTe2 integration 
in applications for novel micro- and nano-electronics, spintronics, photonics, 
and thermoelectric devices.

P. P. Tummala, S. Ghomi, C. Martella, A. Lamperti, A. Molle
CNR IMM
Unit of Agrate Brianza
via C. Olivetti 2, Agrate Brianza 20864, Italy
E-mail: alessio.lamperti@mdm.imm.cnr.it
P. P. Tummala
Dipartimento di Matematica e Fisica
Università Cattolica del Sacro Cuore
via della Garzetta 48, Brescia 25133, Italy
P. P. Tummala
Department of Physics and Astronomy
KU Leuven
Celestijnenlaan 200D, Leuven 3001, Belgium
S. Ghomi, C. S. Casari
Dipartimento di Energia
Politecnico di Milano
via Ponzio 34/3, Milano 20133, Italy

Research Article

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202200971.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

Adv. Mater. Interfaces 2022, 2200971

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202200971 by PO
L

IT
E

C
N

IC
O

 D
I M

IL
A

N
O

, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202200971&domain=pdf&date_stamp=2022-10-25


www.advancedsciencenews.com
www.advmatinterfaces.de

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2200971  (2 of 9)

vapor deposition and chemical exfoliation, that are limited to a 
research scope due to their imprecise phase control, uncontrol-
lable coverage, thickness, and non-uniformity.[17–19] Therefore, 
a precise knowledge of the dynamic phase transition and the 
growth variables for the large-area, few-layer MoTe2 nanosheets 
is essential for its integration in various potential applications 
in different fields.[4,20] Despite the relatively low energy forma-
tion difference (40 meV per formula unit) between the 1T’ and 
2H phase, few studies in literature reported that the phase tran-
sition in chemical vapor deposition (CVD) growth depends on 
the interplay among several experimental parameters due to 
the structural metastability of MoTe2.[21] Both 1T’ and 2H-MoTe2 
nanosheets can be synthesized by finely tuning the thermo-
dynamics and kinetics of the MoTe2 crystal growth during the 
experimental stage.[22] In addition, the low thermostability of 
MoTe2 makes it decompose easily at high growth tempera-
tures.[20] Furthermore, the balance between strain emergence 
and release during the tellurization reaction is also claimed to 
interpret MoTe2 phase evolution. Therefore, exploring the full 
potential of this emerging material requires a reliable synthesis 
approach to selectively control its phase structure and uniform 
large-area growth. Till date, one of the big challenges is to syn-
thesize large area MoTe2 nanosheets with single phase. Among 
the few attempts Park et al. reported on synthesized cm2 scale 
1T’ and 2H-MoTe2 films via reversible phase transition engi-
neering, where the phase transition is explained as driven by 
the mechanical strain and relaxation caused by the variable Te 
content.[23]Yang et al. obtained pure or mixed 1T’ and 2H MoTe2 
by a fine control of Te velocity and reactor temperature on sap-
phire substrates.[24] More recently, Hynek et  al. obtained large 
scale 2H-MoTe2 by tellurization starting from the fine control of 
the initial thickness of pre-deposited MoO3 thin film by atomic 
layer deposition on sapphire substrates.[25] Out of the flat case, 
Li et  al. could achieve scalable CVD growth of high quality 
vertically aligned MoTe2 with dominant 2H and 1T’ phase, on 
Mo foils, by tuning growth time, temperature and geometry in 
the reactor process.[26] However, this target is hurdled by a still 
limited understanding of the tellurium chemisorption mecha-
nism that seriously hampers large-area uniformity and phase 
selection.

In the present study, we performed a set of experiments to 
grow MoTe2 by CVD as a function of the Te concentration gra-
dient and the substrate orientation, in flat or tilt angle configu-
rations, while keeping the other process parameters fixed, with 
the aim to sort out phase selectivity and obtain uniform, single 
phase MoTe2 over large areas. To gain a deeper insight into this 
aspect, a phase transition mechanism from the metallic 1T’ 
phase to the semiconducting 2H phase in MoTe2 nanosheets 
is studied by guiding the experimental growth schemes with 
simulations based on finite element method (FEM).[27] First, 
we demonstrate a simple and reproducible way of large-area 
uniform growth of MoTe2 up to 4 cm × 1 cm through detailed 
tellurization kinetics on the reaction surface using CVD. Here, 
we investigated the two geometrical configurations, namely 
flat and tilted orientations of the pre-deposited Mo film. Later, 
we show how to selectively tune the phase from 1T’-MoTe2 to  
2H-MoTe2 by controlling the tellurium flow lines that drive Te 
concentration gradient, and by changing the geometrical set-
tings, that is, the substrate tilt angle (20° and 45°) inside the 

CVD reactor. To confirm the phase, quality, and uniformity, 
the as-grown MoTe2 nanosheets were characterized by means 
of micro-Raman spectroscopy and atomic force microscopy 
(AFM).

2. Results and Discussions

2.1. Flat Mo Film

We employed an ambient pressure chemical vapor deposition 
(AP-CVD) apparatus to investigate the critical growth param-
eters for synthesizing MoTe2 nanosheets. Figure 1a shows the 
schematic of the experimental set-up, consisting essentially 
of dual furnace CVD reactor, along with the substrate posi-
tioning inside a 2″ quartz tube. An e-beam evaporated Mo film 
on SiO2(50  nm)/Si of 4  cm × 1  cm is placed at the bottom of 
the semi-cylindrical quartz crucible 2 facing upward in the 
direction parallel to the Te vapor flow from crucible 1. The 
same experimental conditions are adopted in FEM simula-
tions developed with the COMSOL software (details in Experi-
mental section and Supporting Information), to predict the 
Te concentration distribution in the reaction chamber and its 
spatial gradient. The calculations show that the Te concentra-
tion is homogeneous in the region of the substrate, Figure S1, 
Supporting Information. On the contrary, stark differences are 
predicted in the spatial distribution of the out-of-plane compo-
nent of the Te gradient concentration, ∇C, along the substrate 
surface, as graphed in Figure 1b by arrows, where intense vec-
tors in red indicate a higher out-of-plane concentration gradient 
while blue arrows show lower out-of-plane concentration gra-
dient (the corresponding in-plane component is illustrated in 
Figure S4a, Supporting Information).

To match the experimental results with the FEM simula-
tions, dedicated experiments were conducted in the same 
configuration and growth parameters inside the CVD reactor. 
Micro-Raman spectroscopy investigations were performed on 
the as-grown MoTe2 layers. Figure 1c shows the Raman spectra 
collected at different positions along the sample surface (dots 
in the optical picture). As evident from Raman spectra, MoTe2 
peaks are visible only in some positions, corresponding to grey 
dots in Figure  1c (inset), while in the positions marked with 
red dots no growth is detected. Characteristic Raman peaks are 
placed at 110 and 162 cm−1 corresponding to the out-of-plane Au 
and Bg modes, respectively, and at 127 cm−1 corresponding to 
the in-plane E1g mode of the 1T’ MoTe2 phase. The red arrow 
in Figure 1c inset indicates the flow direction of Ar carrier gas 
in the AP-CVD reactor. From Raman spectra it is clear that the  
1T’-MoTe2 region is present only at the front and edge parts 
of the sample surface. On the contrary, the spectra taken from 
the middle and downstream regions of the sample only dis-
play a peak at 300 cm−1 which is attributed to the second-order 
Raman mode of Si, from the substrate. On this basis, we can 
affirm that in the geometry configuration where the Mo film 
substrate is positioned as flat, only a minimal MoTe2 growth 
is feasible at the upstream edge regions of the substrate and 
with a lack of lateral uniformity. To support this picture, we plot 
a distribution map considering the Raman intensity values of  
1T’-MoTe2 Bg phonon mode as a function of growth coverage 
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area as shown in Figure  1d. The map clearly shows that crys-
talline MoTe2 growth (dark grey areas) with slight variations is 
found at the upstream and lateral edge regions while on the 
contrary, almost no growth takes place in the central region 
(light grey areas). Notably, the simulated spatial distribution of 
∇C qualitatively reproduces the experimental results in locating 
the distribution of MoTe2 growth over the substrate surface. 
To check the surface topography of the as-grown MoTe2 AFM 
measurements were conducted in three different regions (1, 

2, and 3 in Figure  1d). Considering the AFM image on the 
left in Figure 1e, corresponding to the region 1 of the sample, 
near the Te source, large grains with high root mean square 
(RMS) roughness value of 17.0  nm are visible. In particular, 
the formation of clusters is clearly inspected. Differently, 
in region 2 (Figure  1f middle) and region 3 (Figure  1f right), 
the AFM topographies show a compact and uniform deposi-
tion with RMS roughness of 5.3 (middle) and 6.6  nm (right). 
Further, according to AFM imaging, the average grain size 

Figure 1.  a) CVD schematic illustration of the experimental set-up for MoTe2 growth in flat configuration. b) View of the out-of plane component of Te 
concentration gradient distribution along 4 cm × 1 cm substrate size from COMSOL simulations. c) Raman spectra of as-grown MoTe2 taken at different 
regions across the sample surface as indicated by the grey (MoTe2 growth regions) and red (no growth) dots in the inset (flow direction indicated by red 
arrow). d) Raman map of Bg (g in pedix format) mode intensity distribution over 4 cm × 1 cm substrate size. e) AFM topography images of as-grown 
MoTe2 taken at corresponding three regions 1, 2, and 3 in panel (d).
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in the regions 1, 2, and 3 is 279, 89, and 90  nm, respectively 
(detailed information in Figure S5a, Supporting Information). 
We speculate that the relatively high surface roughness at the 
upstream edge region of the substrate is a consequence of 
the high Te out-of-plane concentration gradient, as calculated 
from the simulations. In fact, by recalling Figure  1b, it is evi-
dent that the length of the (orange/yellow) arrows is maximized 
and confined at such edge of the sample. Thus, a significant 
reduction of the concentration gradient along the Mo film sur-
face in the upstream to downstream direction of the gas flow 
(from left to right in Figure 1b,c inset) results in lower growth 
coverage. The findings from the simulations together with the 
experimental observations are essential for understanding the 
thermodynamics involved in the CVD-based MoTe2 growth. As 
a consequence, we vary the CVD geometry in order improve 
the growth scalability and eventually obtain an extended con-
tinuous film.

2.2. Tilted Mo Film

We modified the geometrical configuration of the growth pro-
cess by changing the orientation of the substrate inside the 
CVD reactor, in particular the position of the Mo film substrate 
at an arbitrary tilt angle (20°) inside the boat, facing toward 
the Te source. The aim is to investigate any possible variation 
in ∇C along the Mo film surface. Figure 2a shows the experi-
mental schematic of CVD set-up, where a tilted Mo film sized  
4  cm × 1  cm is placed at the bottom of the semi-cylindrical 
quartz crucible 2, tilted at 20° angle. The corresponding 3D 
simulation of ∇C for the given geometry is shown in Figure 2b. 
Precisely, the intensity and thermal scale represent the out-
of-plane component of ∇C, where long red arrows stay for 
large ∇C while short blue arrows indicate small ∇C (the cor-
responding in-plane component is illustrated in Figure S4b, 
Supporting Information). Comparing these results with those 
for the flat case (Figure 1b), one can note that ∇C is here more 
uniformly distributed over the sample surface. Moreover, the 
modules of the ∇C vectors are order of magnitudes higher in 
the tilted case than the flat case, as can be noted by comparing 
the scale bar in Figures 1b and 2b. In the tilted case, ∇C is rela-
tively high in the upstream edge region of the substrate, due 
to its vicinity to the Te vapor source and to the significant car-
rier gas velocity at the entrance of the crucible. Nonetheless, 
moving toward the substrate surface in the flow direction and 
thus reaching middle and the downstream edge, the Te concen-
tration gradient shows almost homogeneous distribution, thus 
creating a favorable condition for the effective reaction with Mo 
and the growth of MoTe2 over an extended area. We consider 
that such condition is due to the more uniform gas velocity pro-
file caused by the reduction of the turbulent flow moving away 
from the crucible entrance (Figure S3, Supporting Information). 
It is worth noting that the arrows representing the Te concen-
tration gradient are denser on the upstream side of the Mo film 
compared to the flat case, which indicates a major difference in 
the distribution of Te concentration gradient between the two 
configurations. Different distributions take place because, by 
tilting the substrate, the area facing the gas flow is larger than 
in the flat configuration, since the cross section facing toward 

the impinging flow is proportional to the incident angle of the 
flow and, consequently, the orientation angle of the substrate. 
Hence, the flux circulation becomes more intense in the tilted 
configuration and thus facilitates the Te chemisorption to the 
exposed Mo atoms on the substrate surface. On the contrary, 
in the flat substrate configuration, the directly exposed sub-
strate area to the flow is limited to the upstream edge, which 
causes a lower Te concentration gradient in the downstream 
edge. This outcome can be understood in terms of the forma-
tion of the boundary layer at the interface between the flow and 
substrate.[28] Precisely, the boundary layer is the thin layer in 
the immediate vicinity of a bounding surface formed by the 
fluid flowing along the surface. In our case, we consider the 
boundary layer consisting of the Te vapor in (super)saturated 
condition floating on top of the Mo film substrate. When a 
boundary layer with a non-uniform (i.e., flow-dependent) thick-
ness forms, the diffusion of the active gaseous species plays a 
significant role in the resulting growth quality. In our case, the 
tilting of the substrate surface can enhance the uniformity and 
reduce the thickness of such boundary layer compared to the 
flat case, thus inducing higher mass transport efficiency (hg) 
across the substrate surface. Analytically, the mass transport 
efficiency follows the law hg = Dg/δ, where Dg is the gas diffu-
sion coefficient and δ is the thickness of the boundary layer,[29] 
implying that a reduction in the thickness of the boundary layer 
improves the mass transport efficiency. Further, according to 

the Blasius model, δ  ∝ x

U
, where x is the downstream dis-

tance from the start of the boundary layer, corresponding to 
the upstream edge of the sample in our case, and U is the free 
stream velocity.[30] From the simulation outcomes, in our geo-
metric configurations the flow velocity decreases across the sub-
strate surface, thus δ increases and hg reduces moving in the 
flux direction progressively to the downstream edge of the sub-
strate. Therefore, the observed difference in the velocity profile 
of the flow across the substrate will lead to the reduction of the 
nucleation density and lowers the MoTe2 growth while moving 
in the gas flow direction across the substrate surface.

The sample after the MoTe2 growth is shown in the photo-
graph in Figure  2a, where large area coverage is directly vis-
ible. In the same image, the dots indicate the positions where 
Raman spectra were taken, to retrieve precise understanding of 
the layer quality and uniformity. The color code of each dot cor-
responds to the Raman spectrum plotted in Figure  2c, where 
the spectra were normalized to the intensity of the Bg peak and 
vertically shifted for the sake of clarity. We clearly identify the 
Raman spectrum corresponding to 1T’-MoTe2 which exhibits 
the typical four main phonon modes: Au at 108 and Ag 257 cm−1 
associated to out-of-plane phonon modes plus E1g at 127 and 
Bg at 163 cm−1 associated to in-plane phonon modes.[31] Iden-
tical Raman modes were observed in all the acquired regions 
over the substrate, confirming the uniformity in the thickness 
and the quality of the 1T’-MoTe2 nanosheets growth. Figure 2d 
shows the normalized intensities (left y-axis, blue) of three 
main phonon modes Au, E1g, and Bg of the 1T’-MoTe2 averaged 
over the different positions; the small error bar evidences the 
low degree of dispersion in the peak intensity, claiming for 
marginal changes in the different measured positions, and con-
firming the overall uniformity of MoTe2 growth. Furthermore, 
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in Figure  2d, the full width half-maximum (FWHM, right  
y-axis, red) of the Au, E1g, and Bg phonon modes, as extrapo-
lated from the Voigt fitting, exhibits no apparent broadening 
with an error of less than 1 cm−1, demonstrating that as-grown  
1T’-MoTe2 is highly crystalline.

The magnitude and distribution of out of plane component of 
the Te concentration gradient from FEM simulations is vectori-
ally illustrated in Figure  2b, in a thermal scale where red/blue 
denotes high/low values. The magnitude decreases along the 
substrate surface in the gas flow direction, in line with the orien-
tation and the spatial homogeneity of the as-grown MoTe2 derived 
by AFM and Raman analysis, respectively. FEM simulations 

indicate that the Te large concentration gradient standing toward 
the substrate at the upstream edge region closer to the Te pre-
cursor source can induce the formation of vertical nanostruc-
tures with high density confined in this region. In analogy with 
the pure CVD approach, where the out-of-plane precursor con-
centration gradient has a role in promoting the vertical growth of 
TMDs due to the Mullins–Sekerka mechanism,[27] moving from 
this edge inside the sample surface, the morphology evolves 
into a more continuous and uniform layer, consistently with the 
observed smaller variations and intensities of the simulated ∇C 
vectors. AFM investigations corroborate this model picture. The 
sample at the upstream edge region shows a morphology with 

Figure 2.  a) CVD schematic illustration of the experimental set-up for MoTe2 growth in tilted (20°) configuration and photograph of the obtained MoTe2. 
b) COMSOL 3D model showing the Te concentration gradient along the 4 cm × 1 cm sample surface; the arrow indicates the flow direction. c) Raman 
spectra of 1T’-MoTe2, normalized with respect to Bg peak intensity, taken at different regions as indicated by the colored dots in the photograph in (a). 
d) Average (among the measured points) Raman intensity (blue y-axis) and FWHM (red y-axis) of 1T’-MoTe2 Au, E1

g, and Bg phonon modes. e) RMS 
roughness from AFM collected at the different regions imaged in (f); the schematic in the inset identifies the different regions over the sample surface. 
f) AFM topography images of as-grown MoTe2 taken at corresponding regions shown in (e) inset.
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protruding vertical domains with a relatively high RMS rough-
ness of 3.8 ± 0.3 nm. Moving downstream, the sample surface 
evolves into a more uniform and smooth morphology with a pro-
gressive reduction in the roughness, which reaches a value as 
low as 2.0 ± 0.1  nm at the downstream edge region as shown 
in the graph in Figure  2e. Such values are extracted from the 
analysis of the AFM topographic images shown in Figure  2f, 
for the different regions located on the sample surface as in the 
sketch in the inset of Figure   2e. In addition, from AFM data, 
the average grain size in the regions 1–4 is 123 nm, 106, 83, and 
66 nm, respectively (for a more detailed analysis, see Figure S5b, 
Supporting Information) Further analysis on the areal distribu-
tion of the grain size is included in Section S3, Supporting Infor-
mation. Interestingly, we observe a linearly decreasing trend in 
the grain size from region 1 to region 4 with minimal roughness 
comparing to the flat case.

High-resolution transmission electron microscopy (HR-TEM)  
provided more insights into the structure of the nanosheets. 
Figure  3a shows high-angle annular dark field (HAADF) of 
a representative sample, obtained from the tellurization of a 
8  nm pre-deposited Mo film (see AFM topographies in Sec-
tion S5, Supporting Information), where the layered structure 
of each MoTe2 sheets is clearly visible as a bright line 0.8 nm 
width. Each line is well separated by a dark region related to 
the interplanar van der Waals spacing. Considering in detail the 
cross section in Figure  3a, and focusing on the green box in 
the figure, from bottom to top it is possible to clearly recognize 
four layers, well aligned on the substrate surface. Moving to the 
surface the remaining layers appear defocused and possibly 
partially deteriorated; we attribute this finding to partial oxida-
tion when the sample surface is exposed to the environment. 
Because of the Z number of Mo and Te atoms, it is not trivial to 
immediately distinguish them from the HR-TEM cross section, 
where a bright line accounts for the overall MoTe2. However, 
considering the line profile taken across the thickness in the 
direction of the plotted green arrow, as shown in Figure 3b, is 
possible to distinguish a change in the intensity within each 
layer. Considering for instance the layer in the middle, a modu-
lation consisting of two relative maxima aside of a main peak 

is revealed. Such profile shape is associated with the position 
of each Mo and Te atom to form the MoTe2 in the single layer.

2.3. Phase Tuning Strategy

Having clarified the key role of Te concentration gradient on 
the MoTe2 growth and its dependence on the tilting of the 
substrate Mo film, a detailed study on their role in different 
geometrical configurations, would open a strategy for phase 
control in MoTe2.
Figure  4a–c shows the FEM simulations results obtained 

when modeling three experimental conditions in the CVD 
reactor, namely for Te amount of 100 mg with 20° tilt angle for 
Mo film supporting substrate, 200 mg Te with 20° tilt angle, and 
200 mg Te with 45° tilt angle. Considering Figure 4, FEM results 
are shown for the three cases. Specifically, in Figure 4a, we report 
the results already discussed in the previous sub-section with a 
tilt angle of 20° and 100 mg of Te, for a direct comparison with 
the results obtained in the other cases. As described above, in 
this case the FEM results are compatible with a uniform deposi-
tion of 1T’ MoTe2 all over the substrate surface.

The Raman spectra in Figure 4d obtained at three positions 
on the sample (upstream edge, middle and downstream edge, 
as imaged in the inset) show the presence of phonon modes 
at 108, 127, 257, and 163 cm−1 that can be assigned to the Au, 
E1g, and Ag out-of-plane and Bg in-plane vibrational modes of 
1T’ MoTe2 phase, respectively.[31] The obtained Raman spectra, 
with their characteristic Raman peaks, confirm the forma-
tion of pure 1T’ phase MoTe2 over the 4  cm × 1  cm large 
area. Keeping the same configuration, in particular the sub-
strate tilt angle at 20°, we repeated the experiment increasing 
the amount of Te to 200 mg, to study the influence of Te flux 
concentration. FEM in Figure  4b shows similar results as in 
Figure 4a. Incidentally, from FEM, we note that also the Te flow 
velocity at the substrate surface remains unchanged, while an 
evident increase in the Te concentration at the substrate sur-
face with respect to the previous experiment is revealed. Thus, 
we should in principle expect no major changes in the grown 

Figure 3.  a) HR-TEM HAADF cross section of a representative MoTe2 nanosheet; single layers are evident and separated by van der Waals spacing;  
b) line profile across the MoTe2 thickness, where the position of Mo and Te atoms can be elucidated.
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MoTe2 film. However, when we consider the Raman spectra in 
Figure 4e, we detect peaks at 127 and 163 cm−1 that are assigned 
to the E1g and Bg vibrational modes of the 1T’ MoTe2 phase 
and two other peaks at 172 and 232 cm−1 that can be assigned 
to the A1g and E12g vibrational modes of the 2H MoTe2 phase. 
The measured Raman fingerprints reveal that increasing Te 
amount up to 200 mg (i.e., by 100% with respect to the previous 
case) and maintaining the tilt angle at 20° a mixed phase of  
1T’/ 2H-MoTe2 is obtained. This is mainly due to the increase 
of Te amount along the surface of the substrate, an observation 
that stresses the role of the precursor amount in the gas flow, 
when it reaches the substrate surface, in dictating the phase of 
the obtained MoTe2, as also previously reported.[6]

For a clear understanding of the influence of Te concentra-
tion, Te gradient concentration and tilt angle, we performed 
an additional experiment where we increased the substrate tilt 
angle to 45° while keeping the Te precursor amount at 200 mg 
in the CVD reactor. Interestingly, FEM simulations revealed 
a modification in the distribution of the out of plane compo-
nent of Te concentration gradient, as shown in Figure  4c. In 
particular, the average intensity of the out of plane component 
of Te concentration gradient, accompanied by a densification 
of the arrows, is higher with respect to the case of the lower 
tilt angle. This behavior can be simply explained in terms of 
a physical barrier to the carrier gas flow transporting the Te 
vapors. The higher tilt provokes a shadowing effect to the Te 
vapor. As a result of such a constraint Te tends to accumulate 
at the substrate surface until a dynamic equilibrium is reached, 
ultimately affecting the gradient distribution profile over the 
substrate surface with respect to the case of a lower tilt angle. 
The consequence has dramatic impact on the growth of MoTe2, 
as evidenced in the Raman spectra shown in Figure  4f. Inter-

estingly, the analysis of the Raman spectra reveals the pres-
ence of peaks at 232 and 291 cm−1 that are associated with the 
E12g and B2g in-plane phonon modes plus a peak at 172 cm−1 
associated with the A1g out-of-plane phonon mode, all stem-
ming from the 2H MoTe2 phase, consistent with the typical 
Raman features reported for mechanically exfoliated flakes of 
the same allotropic phase.[32,33] The above findings indicate that 
the amount of Te in the reactor and the change in tilt angle, 
that is, the modification of the Te concentration gradient at the 
Mo containing substrate surface, allow us selectively to control 
the phase of the CVD grown MoTe2 by tellurization approach 
from a pure 1T’ to a pure 2H phase, passing through an inter-
mediate configuration where mixed 1T’-2H are co-existing. 
Finally, it is noteworthy to observe that, in all the explored tilted 
configurations, in any case a continuous MoTe2 thin film is 
achieved, developing uniformly over the macroscopic area of 
the substrate.

3. Conclusions

In this study, we successfully demonstrated the growth of 
crystalline MoTe2 thin films in pure 1T’, mixed 1T’/2H and 
pure 2H phase by tuning the configuration parameters in an 
atmospheric pressure CVD based on the tellurization of a pre-
deposited Mo film on a SiO2/Si substrate. On this scope, we 
performed finite elements simulations to predict the growth 
configurations of interest and correlate them with the experi-
mental results on MoTe2 film grown at the same conditions. 
We were able to synthesize uniform and continuous films over 
large areas up to 4  cm × 1  cm, limited by the size of the sub-
strate to be accommodated in the tube furnace. Our synergistic 

Figure 4.  Effect of Te precursor amount and substrate tilt angle. FEM out-of-plane Te concentration gradient distribution on the sample surface:  
a) 100 mg Te and 20°; b) 200 mg Te and 20°; c) 200 mg Te and 45°. d–f) Raman spectra of pure MoTe2 film obtained with conditions as in (a–c); note 
the identification of pure 1T’ phase in (d), mixed 1T’/2H phase in (e), and pure 2H phase in (f). Regions of the sample where Raman measurements 
have been collected are shown in the inset of panel (d).
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results from simulations and experiments reveal that, together 
with Te amount, the substrate tilt in the growth process dra-
matically defines the concentration gradient of the Te vapor at 
the reaction site thereby enabling us to achieve a close control 
of the MoTe2 coverage over macro-scaled areas with a phase 
selective control, in a phase by design scheme. In extension, 
our work elucidates a method that could be considered as an 
efficient, scalable, and relatively simple solution to enable the 
controlled growth and optimize the characteristics of TMDs 
over large areas, whenever a chalcogenization CVD-based pro-
cess is considered.

4. Experimental Section
MoTe2 Sample Preparation and Growth: MoTe2 was synthesized 

starting from molybdenum (Mo) films, pre-deposited by e-beam 
evaporation from Mo foil (99.9% Sigma-Aldrich, Darmstadt, Germany) 
on 50  nm SiO2/Si substrates, in a two-temperature zone furnace CVD 
apparatus, using a tellurization approach. To this scope, in the CVD 
reactor, tellurium powder (100 mg; 99.997%, Sigma-Aldrich, Darmstadt, 
Germany) were placed in a ceramic boat in the center of the upstream 
furnace and the Mo supporting substrate was placed face-up in a 
fully closed boat at the starting corner of the downstream furnace, 
respectively. The distance between the Te source and the Mo containing 
boat was kept fixed at 6  cm. The orientation of the Mo containing 
substrate inside the closed quartz boat changed in the various 
experiments from flat (Figure  1a) and tilted (Figure  2a) geometrical 
configurations. An Ar/4%H2 flow was used as carrier gas to favor the 
transport of the Te vapor from the upstream furnace, where it forms, 
toward the downstream furnace, where the heterogeneous vapor-solid 
reaction with Mo takes place to form MoTe2 nanosheets at suitable 
temperature. The carrier gas flow and temperature profiles used in the 
AP-CVD process are shown in Figure S8, Supporting Information, where 
the blue line and right y-axis refers to Ar/H2 flux, while the temperature 
profile is shown by the black line for the upstream (Te) furnace and red 
line for the downstream (Mo) furnace. In detail, temperature controllably 
ramps from RT up to 600 °C in the first 25 min, followed by a plateau, 
where the MoTe2 growth is maintained for 60 min at 625 and 650 °C for 
downstream (Mo) and upstream (Te) furnaces, respectively. Afterward, 
the temperature profile followed the natural system cooling down to 
room temperature.

MoTe2 Sample Characterization: MoTe2 samples were characterized 
using Raman spectroscopy and AFM. Confocal Raman spectroscopy 
was performed using a spectrometer (Renishaw InVia) equipped with 
a solid-state laser source of excitation wavelength 514  nm (2.41  eV) in 
backscattering configuration. The laser radiation was focused on the 
sample by means of a 50 × Leica objective (0.75 numerical aperture), 
maintaining the incident laser power less than 1  mW to avoid any 
sample damage. AFM (Bruker, Dimension edge) in tapping mode with 
ultrasharp silicon probes was used to collect 2  µm × 2  µm surface 
topography maps of the grown MoTe2 and retrieve rms roughness 
employing WSxM software. For the HR-TEM images, the lamellae 
were investigated by means of Scanning TEM (STEM) techniques. The 
images were performed with a Thermo-Fischer Themis Z G3 aberration-
corrected transmission electron microscope equipped with an electron 
gun monochromator operating at 200 kV acceleration voltage.

Finite Element Simulations: The simulation of the flow dynamics in 
the CVD reactor was conducted with the finite element method (FEM) 
implemented in the software package COMSOL Multiphysics. A model 
was implemented to estimate the velocity streamlines of the carrier 
gas, the Te precursor concentration and concentration gradient, at the 
different regions inside the reaction chamber, focusing in particular in 
the region where the Mo containing substrate is located. This model was 
based on coupled Navier–Stokes and mass diffusion equations solved 
simultaneously within the FEM scheme. In details, the gas flow rate (ρ), 

in the laminar flow regime, was determined by solving the Navier-Stokes 
Equation (1):

u
t

u u p u u u I F
t

uT 2
3

; 0ρ µ µ ρ ρ( )( ) ( )( ) ( )∂
∂ + ∇



 = −∇ + ∇ ∇ + ∇ − ∇ + ∂

∂ + ∇ =
	  � (1)

where u is the velocity field, p the pressure, µ the dynamic viscosity, 
I the unit matrix, and F is the volumetric applied force (i.e., gravity); the 
superscript T indicates the transposed matrix. Concomitantly, the transport 
of diluted species, accounting for the flow assisted diffusion of Te precursor, 
was obtained by solving the following mass diffusion Equation (2):

R c
t

D c u c N D c u;( )= ∂
∂ + ∇ − ∇ + ∇ = − ∇ + � (2)

where R is the source term of the precursor, c the precursor 
concentration, D the diffusion coefficient, and N the precursor flux. The 
real geometrical constrains, in terms of boat dimension, distance and 
positioning of Te precursor and substrate were treated in the FEM by 
defining a free tetrahedral mesh of the domains consisting of 844  004 
mesh elements plus 2 410 699 internal degrees of freedom for a total of 
958  872 discretization domains. To ensure mesh independent results, 
the mesh was refined creating several small-sized elements in the area 
adjacent to the substrate domain. Further technical details of FEM 
simulations, including detailed graphs and schematics can be found in 
Supporting Information.

Statistical Analysis: The AFM topographies consisted of a matrix of 
256 rows × 256 columns. The data of each AFM matrix were analyzed 
by means of WSxM software for plane correction and root-mean-square 
(rms) roughness defined as

rms ,

2
a a

N
i j ij∑ ( )

=
−

� (3)

where aij is the matrix data point at row i and column j,  a  the mean 
value, and N the number of points (i.e., N = 256 × 256 = 65.536 points). 
The error bars of the rms roughness value were calculated by using the 
standard deviations of the roughness value with respect to the mean 
value calculated over several images acquired in the same spatial region 
of the sample.

For the Raman spectra, peak fitting was obtained by using commercial 
software Wire, from Renishaw. The peaks were fitted with pseudo-Voigt 
functions.

Statistics on the AFM and Raman data were also conducted by using 
the software Origin Pro.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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